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Abstract 

The uncertainty principle restricts our ability to simultaneously predict the measurement out¬ 
comes of two incompatible observables of a quantum particle. However, this uncertainty could 
be reduced and quantified by a new Entropic Uncertainty Relation (EUR). By the open quantum 
system approach, we explore how the nature of de Sitter space affects the EUR. When the quantum 
memory A freely falls in the de Sitter space, we demonstrate that the entropic uncertainty acquires 
an increase resulting from a thermal bath with the Gibbons-Hawking temperature. And for the 
static case, we find that the temperature coming from both the intrinsic thermal nature of the de 
Sitter space and the Unruh effect associated with the proper acceleration of A also brings effect on 
entropic uncertainty, and the higher temperature, the greater uncertainty and the quicker the un¬ 
certainty reaches the maxima value. And finally the possible mechanism behind this phenomenon 
is also explored. 
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I. INTRODUCTION 


fl. 


Heisenberg’s uncertainty relation [l[, which lies at the heart of understanding quantum 
mechanics, provides a dramatic illustration of a qualitative distinction between quantum 
and classical physics. This principle states that there is general irreducible lower bound 
on the uncertainty in the result of simultaneous measurement of two conjugate quantum 
mechanical variables, such as position and momentum, and more precisely, the product of 
the uncertainties in such two measurements is at least of order h, or equivalently, there is 
an upper bound on the accuracy with which the values of noncommunity observables can 
be simultaneously prepared. 

Due to the appearance of information theory, a more natural choice to measure uncer¬ 
tainty is based on entropy {2 6|. For non-commuting observables Q and R, Deutsch has 
described the relation as 


Sh{Q) + Sh{R)>- 2\og2-{I+ c), 


( 1 . 1 ) 


where Sh = Q R denote two Hermitian operators representing 

physical observables in an iV- dimensional Hilbert space with {|aj)} and {|&j)} {j=l,...,N) 
the res^ctive complete sets of normalized eigenvectors and c = ma.Xij\{ai\bj)\. Particularly, 


Kraus 


4] suggested that this relation may be improved to 


Sh{Q) + Sh{R) > log2 


( 1 . 2 ) 


A distinct advantage of these relations, fll.ip and 01.21) . over the standard deviations is that 
the right-hand side is independent of the state of the system when the two measurements 
Q and R do not share any common eigenvector, i.e, it gives a hxed lower bound. So, they 
provide us a more general framework to quantify uncertainty. 

However, using previously determined quantum information about the measured system, 
the above uncertainty bound could be violated. To overcome this defect, recently Refs. [?, ^ 
have given a stronger Entropic Uncertainty Relation (EUR) based on conditional entropy 


theoretically. Furthermore, several experiments j^, lOj] have been performed to conhrm this 
EUR. For an entangled quantum system consisting of interesting particle B and its quantum 
memory A, which is a device that might be available in the not-too-distant future and could 
store the information of the entanglement between particles [n|, the conditional entropy 
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EUR is shown as 


S„(Q|A) + S„(fl|yl) > log, - + S„(B|yl), 


(1,3) 


where Sy{B\A) = Sy^pAs) — Sy{pA) is the conditional von Neumann entropy. In the extreme 
case, i.e., A and B are maximally entangled, it is able to predict the outcomes precisely. 
On the other hand, if A and B are not entangled, the bound in fll.211 is recovered. The 


generalization of the EUR fll.dp to Renyi entropy has also been given 12|, ll3|. Other studies 


from various views can be found in 


14 


16|- 


It is well known that every quantum system, whatever it is, in a realistic regime is 
inevitably in contact with environments. As a result, the considered quantum system has 
to suffer a decoherence or dissipation. So the nature of environment plays a key role in 
dominating the evolution of the quantum system, as well as the quantum-memory-assisted 


EUR 


ITj . Besides the generally studied noisy channels, such as bit flip, noises resulting 


from the motions of observers or gravitational held are also a very important branch of 
quantum noisy channels. Especially, such noises directly relate to the nature of spacetime, 
such as Hawing effect, and allow us to incorporate the concepts of quantum information 
into relativistic settings. This combination has recently resulted in an entire novel held of 
physics, relativistic quantum information 19|. Its aim is to answer questions about the 
overlap of relativity and the manipulation of information stored in quantum system, provide 
us a more completely frame to understand quantum information theoretically, and more 
importantly be a guidance for future realistic quantum information assignments in curved 
spacetime. So such works are very meaningful. J. Feng et al in recent work 20j has studied 
how the Unruh ehect ahects the EUR, which is the hrst try to discuss how the motion of 
the observer ahects the Heisenberg’s limit. However, their analysis is conhned in the hat 
spacetime and the ehects result only from the motion of observer. Therefore, it remains 
interesting to see what happens to the EUR if the quantum system is placed in a curved 
spacetime rather than a hat one. 

In this paper, we will study the EUR fll.Sp under the decoherence rooting in vacuum held 
huctuation in the de Sitter space. The reason for special attention to the de Sitter space in 
recent years is that our current observations, together with the theory of inhation, suggest 
that our universe may approach the de Sitter geometries in the far past and the far future. 
And a duality may exist between quantum gravity on the de Sitter space and a conformal 


held theory living on the boundary identihed with the timelike inhnity of it 


21|. So, many 
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fields, such as fields quantization 22l-l25|. Lamb shift 2^ and spontaneous excitation of 
atom j^, have been studied in this special curved spacetime, and it is necessary for us to 
focus on this spacetime to study EUR. 

The model we will study is constructed like this: the quantum memory A, which interacts 
with quantized conformally coupled massless scalar fields in the de Sitter-invariant vacuum, 
freely falls or keeps static in spacetime. Another particle B, isolated from external held, 
denotes the system to be measured. They initially entangles with each other maximally. 
No matter which case, we hnd the quantum memory A, due to the huctuation of vacuum 
held, will suher from the thermal ehect of spacetime, which acts as a type of noise channel. 
Under this noise channel the quantum information stored initially in A would be decreased, 
thus, leading to an inevitably increase of the uncertainty on the outcome of measurements 
performed by observer. Along with the evolution of the quantum state, the uncertainty 
eventually achieve a hnite maximal value. This phenomenon is essentially similar to that 
reported in 0 where entanglement transfers between the quantum system and its environ¬ 
ment. 

Our paper is organized as follows: after briehy reviewing evolution of the quantum system 
and simply representing the entropic uncertainty relation in section [TTl we calculate and 
discuss the entropic uncertainty with particle A freely falling in the de Sitter space in section 
mil and with particle A keeping static in section HVl Then, we will try to explain the possible 
mechanism in section V before summarizing our conclusions in section IVIl 


II. EVOLUTION OF QUANTUM SYSTEM AND ENTROPIC UNCERTAINTY 


We will discuss the evolution of quantum system and the entropic uncertainty. 


A. Evolution of quantum system 

Let’s start with the Hamiltonian of the system containing particle and external field, 
which can be expressed as 

B = + + ( 2 . 1 ) 

where and are the Hamiltonian of the particle and scalar held, respectively, and Hi 
represents their interaction. For simplicity, we take a two-level particle with Hamiltonian 
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Hs = ^ojQcr^:, where Uq is the energy level spacing, and is the Pauli matrix. We suppose 
that the Hamiltonian representing the interaction between particle and scalar field is Hj = 
/i(cr+ + cr_) 0 (x(r)), in which p is a coupling constant, < 7 + (cr_) is the rasing (lowering) 
operator, and 0 (a:) corresponds to the scalar field operator, which is conformally coupled 
to de Sitter space. Although there are kinds of coupling ways, only the conformal coupling 
preserves the de Sitter-invariant vacuum states, the others are those which break de Sitter 


vacuum invariance 


18 |- 


We assume that initially the two-level particle and field states are uncorrelated so that 


ptot = p(0) (8) |0)(0|, 


( 2 . 2 ) 


where p( 0 ) is the reduced density matrix of the two-level particle, and | 0 ) is the vacuum 
state of the field. For the total system, its equation of motion in Schrodinger picture is 

dptot{r) 


dr 


= -i[H,ptot{T)], 


( 2 . 3 ) 


where r is the proper time of the two-level particle. In the limit of weak coupling, the 
evolution of the reduced density matrix p(r), after some calculations, can be written in the 


Lindblad form 


28 |, 


29 | 


dpir) 

dr 




lHeff,p(T)] + J2phPp - {PLJ’P 

i=i 


( 2 . 4 ) 


where {x,y} = xy + yx denotes an anticommutator, H^ff is the effective Hamiltonian, and 
Lj are the Lindblad operators, which are given by 


H. 


eff = = ]^{u:q +pHm{T+ + T_)}a^ 



Li - L, - L 3 - 


( 2 . 5 ) 


with 


'>+00 


7 ± = 2f/ReT± = 


— ie)ds, 7 ^ = 0 , 


here G~^{x — x') = (O|0(a;)0(a;')|O) and s = r — r'. 

In our setup, we take two particles, keeping one of them particle B isolated from external 
field while the other particle A interacts with the environment. It is needed to note that 
this model is in structural similarity to a bipartite quantum system in quantum information 
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theory, with one subsystem in interaction with external environment, and the other isolated 
from that. In this regard, let’s note that this model has been used to discuss the loss of spin 
entanglement for accelerated electrons in electric magnetic helds 


of two qubits in a relativistic orbit 


29[ |. and the entanglement 


30| . Since p spans a sixteen dimensional vector space 


and the direct product of Pauli matrices including the identity, {a, < 8 ) crj|i, j G 0, • • • ,3}, 
form sixteen linearly independent vectors, we can expand the density matrix as 


Pab 

i=0 j=0 




a. 


J- 


( 2 . 6 ) 


A nice property about this choice of basis is that the expansion coefficients rij are real, 
which follows from the hermiticity of the Pauli matrices and density operator. Substituting 
fl2.6p into Eq. fl2.4D we have 


dvij 

dr 


I 'J— 

(Ti (g) (Jj = - Cr*Cr^) (g) (Tj + —[2cr_CriCr+ - (T+(T-(Ji - ai(T+Cr_] (g) CTj 

+ [2cr+(Tia_ - a-cr+cTi - aia-a+\ 0 aj, (2.7) 


which after a little algebras gives sixteen first order linear differential equations 


^oi(^) = 0, 

rij{r) = -|(7_ + 7+)rij(r)-fir2j(r), 
r2j{T) = -i(7_+ 7+)r2j(r)+ f2rij(r), 

r3j{r) = (7+ - 7-)rojir) - ( 7 . + 7+)r3j(r), ( 2 . 8 ) 

where dots imply differentiation with respect to r. The solutions to these equations are 
found to be 


roj{r) = roj(O), 

rij(r) = rij(0)e~2“'^ coshlr — r 2 j( 0 )e“ 2 “'^ sin hlr, 

_ 1 _i 

'f' 2 j{T) = r 2 j{ 0 )e 2“"^ coshlr + rij(0)e 2“^sinr2r, 

nAA = r3,(0)e— + fr„,(0)(l - e—), (2.9) 

where a = 7 + + 7 _, 6 = 7 + — 7 _. 
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B. Entropic uncertainty 


We consider the bipartite system, particle A and particle B, initially share a maximally 
entangled Bell state 

Pab = ^(o-Q ( 8 ) CTq + (Ji ® (Ji - (J2 ( 8 ) 0-2 + CTs (g) CTs). (2-10) 

Then the corresponding time-dependent density matrix is 

Pab = ® <Jq -\- cos Vtrai ® af — cos Vtra^ ( 8 ) cr^ -l- ® 

-l_g- 2 aT gi ]2 < 8 ) erf -|- e“ 2 “^ sin hlrcrf < 8 ) erf -|—(1 — e““'^)erf (g) erf}. ( 2 . 11 ) 

CL 

Now we assume a measurement is performed on the particle B of fl2.11l) in terms of one 
of the Pauli operators erj. The reason why we select the erj to be measured is that they 
are the spin polarization components of the two-level atom, we can not simultaneously have 
complete information about both the observables ai and as, i.e, they have met the conditions 
that EUR (1.3) requires. Moreover, the Pauli operators are Hermitian, so cri and are two 
positive operator valued measurements (POVMs) acting on particle B. 

After the measurement, the new post measurement states ^^(l( 8 )n 3 ;)pAB(l< 8 )n 2 ;), where 
hlx = |' 03 ;)(' 0 x| and I'lpx) are the eigenstates of the observable Cj, are given by 

PAai = -{o‘f{8)(Tf-|-e“2“'^cosr2rcrf(8)crf-f-e“2“’'sinr2rcrf{8)crf-|--(l —e““'^)crf{8)crf}, (2.12) 

4t CL 

PAa 2 = 2 {<^f' 8 )<^(f~e~^“"'cosr2rcrf(8)crf-|-e“^“'^sinr2rcrf(8)crf-|--(l —e““'^)crf( 8 )crf}, (2.13) 

4t CL 

PAas = \Wo ^^0 + ( 8 ) af + -(1 - e"“^)af ( 8 ) erf}. (2.14) 

4t CL 

The eigenvalues can be easily calculated and the corresponding von Neumann entropy is 

S^ipAa.) = 2SHU>^^) (* = 1 , 2 ), 

SviPAaa) = SHbUVl) + SHhUV2), (2.15) 

with 

A. = + Al-e—qi} (i = l,2), 

^ LL 

m = i|i + l + (i- 

4 a a 

ri, = f 1 + 1)(1 - e—), (2.16) 
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where SubUp) = -P^og^p- {\-p) logs^ - p). 

Since pa = TraP^B, the associated entropy is binary S^{pa) = *S'^bin(i + ~ 6““’’)), 

and S'JJ^^.^{p) = —plog 2 P — (1 — p) log 2 (l — p) denoted as the binary entropy. For a partic¬ 
ular measurement of ai and by observer, we can give the left-hand side (LHS) of (II.3p . 
represented as a uncertainty U (one can gain similar result for the measurement on ai and 
0-2 )• ^(o-uO-s) = S'„((Ti|A) -F S'^((T 3 |A) = Sy(pAai) + S^iPAaa) “ 2S'^(pa), where the sum of 
^^((TiIA) -|- ^^((TalA) actually means the uncertainty about the outcomes of measurement ai 
and (Ts simultaneously given information stored in a quantum memory A. Hence, after a 
simple and straightfoward calculations, we can get the expression 

^(o-l, CTs) = 2S'Hbin(Al) -|- -S'Hbin(Pl) + 5'/fbin(P2) “ ~ ^ (2-17) 

We now investigate the right-hand side (RHS) of fll.31) . Once the measurement choice 
has been determined, the complementarity c of the observables aj and is always 1 /\/2. 
The conditional entropy now is Sv{B\A) = S^^pab) — S^{pa)- The eigenvalues of (I2.1ip are 

6 = hi + e-" - I4e-" + h(i _ 

4 

U = ^(l + e-“" + [4e-“" + ^(l-e-“")2]5). 

Denoting the RHS of (II.3p as Ub, we have 

4 \ h 

u, = -J2ii\oeAi - s'huJ^ + ^(1 -«■“")) + 1 - ( 2 - 18 ) 

i=l 

Expressions (I2.17p and (12.181) are the ones that we actually need. For different evolutions, 
parameters a and b have different values, thus, we can obtain different entropic uncertainty. 
In the following, we will calculate the entropic uncertainty for two special cases, one is that 
quantum memory A freely falls in the de Sitter space, the other corresponds to that A keeps 
static in the de Sitter space. 











III. EUR WITH QUANTUM MEMORY A FREELY FALLING IN DE SITTER 
SPACE 


We now consider particle A freely falls and interacts with a quantized conformally coupled 
massless scalar field in the de Sitter space. There are several different coordinate systems 
can be chosen to characterize the de Sitter space {m, 3- Here we choose to work with the 
global coordinate system (t, x, G, (p) under which the freely falling particle A is comoving 
with the expansion, and the corresponding line element is 


ds^ = dt^ — c? coAi^{t/a)[dx^ + sinx^((i0^ + sin^^d^^)] 


(3.1) 


with ct = Y y, where A is the cosmological constant. The parameter t is often called the 
world or cosmic time. The scalar curvature of the spacetime is R = 12a~^. If —oo < t < oo, 
0 < y <7r, 0<d<7r, O<0< 271, the coordinate covers the whole de Sitter manifold 

3 HH- 


The canonical quantization of scalar held with this metric has been done in 


22 


25|, in the 


massless and conformal coupling limit, the Wightman function for a freely-falling particle A 
can be simplihed to be 

1 


G+( 


X — X ] = 


sinh^( 


2a 


- le) 


(3,2) 


where t = t. Therefore, we hnd 

„2-Kau}o _j_ 


a = 


b = 


/i^CUo 


27r - 1 

fRcjo 


271 


-He// - + 


jpl 


duP{ 


U) 


U) 


-)(1 + 


a; -f cuo 00 — ojq ' ' ' — 1 


)} 


(Tz 


(3.3) 


where the last term of ihe// represents the Lamb shift 2^ in the de Sitter space. Then, we 
can get U{ai, a^) and Ub for this case. 

From Eq. fl3.3p we know that the freely falling particle A in the de Sitter space feels 
a Gibbons-Hawking temperature Tf = l/27ia, which clearly suggests that the intrinsic 
thermal nature of the de Sitter space exists. And we can hnd the uncertainty is related to 
temperature that particle A feels. When a —)■ cx), i.e, Tf = 0, it corresponds to particle 
A freeing from the thermal ehect. So what inhuence the temperature has on the entropic 
uncertainty, depicted in Fig. 1. 


9 























uncertainty 



FIG. 1: the U{ai,a 3 ) (dashed line) and Uh (solid line) as a function of proper time, r, in units of 
7o~^i 7o = ^^ 2 ^ is the spontaneous emission rate. The above two lines (blue colour) and the below 
two lines (cyan colour) correspond to Tf = 0.8 (which is assumed) and Tj = 0, in units of ujq, 
respectively. 

As depicted in Fig. 1, for r = 0, namely, A and B remain being maximally entangled, 
U = Ub = 0, satisfying the EUR fll.Sp . which means that one can predict the outcomes 
precisely. As time goes on, the uncertainty bound Ub is lifted, meanwhile the uncertainty 
U is also changed, but they still meet the EUR fll.Sp . Finally, the uncertainty reaches a 
hnite maxima value, about 2, and U = Ub- Moreover, we observe that with Tf = 0.8 the 
measurement outcome is more uncertain than that frees from thermal effect during the whole 
evolution, so we can arrive at the conclusion that the thermal nature of the de Sitter space 
surely increases the uncertainty. The possible mechanism behind this phenomenon will be 
studied in the following section. 

IV. EUR WITH QUANTUM MEMORY A KEEPING STATIC IN DE SITTER 
SPACE 

Next we will discuss under the same spacetime background for static particle A. On this 
occasion, we choose to work in the static coordinate system, and the line element is 

ds^ = (l — ^)dP — (l — — r^(dd^ + sin (4.1) 

This metric possesses a event horizon at r = a, generally named as cosmological horizon. 
Note that the coordinates (t, r, 9, 0) only cover part of the de Sitter space, just like the Rindler 
wedge in a flat spacetime. And the relation between the static and global coordinates system 
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IS 


r = acosh(t/a) sinX, tanh(t/a) = tanh(t/a) secx- (4.2) 

Obviously, the worldline r = 0 in the static coordinate coincides with the worldline x = 0 
in the global coordinate, and an particle at rest with r 7 ^ 0 in the static coordinate will be 
accelerated relative to the observer at rest in the global coordinate with x = 0 , which is 
described by 



^n- 1/2 


(4.3) 


Similarly, in the static coordinates system by solving the field equation, one can find a set 


of complete eigenmodes 


25 


33 


35| . Defining a de Sitter-invariant vacuum, we can calculate 


the Wightman function for the massless conformally coupled scalar field, for static A, it is 


represented as 


36, 


37| 


G~^{x — x') = 


sinh 


2 / t—t' 


2k. 


-te 


(4.4) 


where k = ^/gma and r = y/gmt. Then, we can easily acquire 

^2-kkuio _ j _ ]_' 


a = 


b = 




271 - 1 


27r 


^eff — 7t{<^o +/^^ini(r++ r-)}<^z 


Ir /i^ 


= 2{‘>'o + 




duP{- 


u 


u 


-)(1 + 


■:,2'KKL0 


- 1 


)} 


(Tz 


(4.5) 


U + Uq bJ — UJq' 

In this case, static A feels a temperature Tg = 1/277K in the de Sitter space. However it 
is needed to note that there remain differences from what was obtained in the case of the 
freely failing A [Tf = l/27rQ!), we can connect these two temperatures by 




(4.6) 


in which the first term is the square of the Gibbons-Hawking temperature of the de Sitter 
space, and the second term is related to the Unruh temperature, which depends on proper 
acceleration described by Eq. fl4.3p . Furthermore, Tg varies with the rest position r, so located 
at different positions, particle A feels a different temperature Tg, and the Von neumann 
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uncertainty 



FIG. 2: the U{ai,az) (dashed line) and Uh (solid line) as a function of proper time, r (in units of 
7 ()’^). The above two lines (blue colour) and the following two lines (cyan colour) correspond to 
T, = 1.0 (which is assumed) and = 0 (a —>■ oo and r = 0), in units of wQ) respectively. 

entropy will have a remarkable change. Therefore, besides the proper time r, the entropic 
uncertainty also changes with respect to temperature T^. 

The uncertainty is plotted in Fig. 2 as a function of the proper time. From the hgure we 
hnd that the whole process is similar to the hrst case and meets the EUR (11.31) . Furthermore, 
the uncertainty is greater under = 1.0 than that Tg = 0 during the whole evolution. So we 
can arrive at the conclusion that the thermal nature of the de Sitter space surely increases 
the uncertainty. And we hnd that the higher temperature Tg, the quicker the uncertainty 
reaches the maxima value. 

To illustrate how entropic uncertainty does vary with temperature Tg more clearly, we 
select two points at r = 0.5 and r = 1.2 and depict the corresponding entropy changing with 
temperature Tg in Fig. 3. From which we hnd that along with the increase of temperature, 
the uncertainty U gradually increase and the uncertainty bound Uf, is also lifted. But they 
still satisfy the EUR fll.3p . 

V. RELATION BETWEEN UNCERTAINTY AND QUANTUM CORRELATION 

In this section, we will try to explain the phenomenon represented above from the per¬ 
spective of quantum correlation. Although the proper time possessed by the freely falling 
particle A distincts from which the static particle A possesses, and so does the tempera¬ 
ture. Conveniently, we mark the proper time by r and temperature by T. We relate the 
lower bound of Eq. (II.3p to the dehnition of discord: D = —Sv{A\B) + minBi^T,kqkSv{pA)y 
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FIG. 3: The U{ai,a 3 ) (dashed line) and Ub (solid line) as a function of temperature Tg (in units 
of cjo), the above two lines(blue colour) and the following two lines(cyan colour) correspond to 
T = 1.2 and r = 0.5 (in units of 7(7^)) respectively. 

where p\ = trB{BkPABB\}/qt is the resulting state after the complete measurement {B^} 
on particle B and = trAB{BkpABB\}. 

D 



FIG. 4: the quantum correlation is plotted as a function of r (in unites of 70 "^)j the above line 
(red colour) and the following line (green colour) correspond to T = 0 and T = 1.0 (in units of wq) 
respectively. 

After some calculations, we depict the quantum correlation D in Fig. 4. For r = 0, 
the quantum correlation has the maxima value, corresponding to U = Ub = 0 and particle 
A and B are maximally entangled that one can predict the outcomes precisely. As time 
goes on, it is likely that the decrease of quantum correlation makes the outcomes of two 
incompatible observables more uncertain and the lower bound Ub lifted from Fig. 2 and Fig. 
4. When the quantum correlation eventually vanishes, the uncertainty arrives at a maxima 
value, about 2. Furthermore, we find the thermal nature of the de Sitter space affects the 
value of D. Comparing quantum correlation under T = 1.0 with that under T = 0, the 
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quantum correlation influenced by temperature T = 1.0 decreases more for a period of time 
interval, which means that the thermal nature of the de Sitter space would surely increase 
the uncertainty. 

To explain how the quantum correlation D changes with respect to temperature T more 
clearly, we depict it in Fig. 5. We hnd that the increase of temperature makes the quantum 
correlation decreased and the uncertainty increased. 

Actually, QM uncertainty relations are most important precisely in those instances when 
they are saturated, so, next we will talk about the probability densities that saturate EUR. 
Seen from the figures 1 and 2, there are two cases in which the uncertainty relations are 
saturated, the maximally entangled case (r=0) and the totally decoherent case (r—)-oo). For 
r=0, the probability density is pab = \{<yQ ® (Tq + (Ti ® (Ji — (y 2 ® <^2 + (J'i ® us). As r is 
inhnite, the probability density is pab = ® (Tq + 0 a®). In addition, we can find 

out from the hgure 3 that the uncertainty relations are saturated as the temperature Tg—)-oo, 
however, in order to meet the infinite temperature, from Tg = ^ , if and only if 

r = a, namely, particle A stays at the event horizon. 

D 



FIG. 5: the quantum correlation is plotted as a function of T (in unites of cjq), the above line (red 
colour) and the following line (green colour) correspond to r = 0.5 and r = 1.2 (in units of 7(C^). 


VI. CONCLUSIONS 

In the framework of open quantum system, we have explored how the nature of the de 
Sitter space affects the EUR. For a bipartite system, the quantum memory A interacts 
with quantized conformally coupled massless scalar helds in the de Sitter-invariant vacuum, 
and the particle B to be measured is initially entangled with A and isolated from external 
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environment. We have studied the evolution equation of quantum system and the entropic 
uncertainty for both freely falling and keeping static particle A. For the freely falling case, 
the quantum memory particle A is immersed in a thermal bath with the Gibbous-Hawking 
temperature Tj = l/27ra!, which suggests that the intrinsic thermal nature of the de Sitter 
space exists. We find that the thermal nature of the de Sitter space could surely increase 
the uncertainty, and dually the uncertainty reaches a maxima value. For the static quantum 
memory particle A in the de Sitter space, it feels a composite effect which contains the 
Gibbons-Hawking effect of the de Sitter space and the Unruh effect associated with the 
proper acceleration. The temperature that A feels is a square root of the sum of the squared 
Gibbons-Hawking temperature and the squared Unruh temperature associated with proper 
acceleration. We also find that the thermal nature of the de Sitter space increases the 
uncertainty, and finally the uncertainty reaches a maxima value. Moreover, the uncertainty 
changes with respect to temperature T^, the higher the temperature Tg is, the greater the 
uncertainty is, and the quicker the uncertainty reaches the maxima value. For any cases, we 
hnd that all the processes meet the EUR (11.31) . 

Finally, from the perspective of quantum correlation D, we have tried to explain the 
possible mechanism behind this phenomenon. We find that the decrease of quantum cor¬ 
relation may make the outcomes of two incompatible observables more uncertain and the 
lower bound Ub lifted. When the quantum correlation eventually vanishes, the uncertainty 
arrives at a maxima value, about 2. And the increase of temperature makes the quantum 
correlation smaller, and the uncertainty becomes greater. In addition, we have talked about 
the probability densities that saturate EUR. 

Acknowledgement 

This work was supported by the National Natural Science Foundation of China under 
Grant No. 11175065 and 11475061; the National Basic Research of China under Grant No. 
2010CB833004; the SRFDP under Grant No. 20114306110003; Hunan Provincial Innovation 
Foundation For Postgraduate under Grant No CX2012B202. 


15 



References 


[1] W. Heisenberg, Z. Phys. 43, 172 (1927). 

[2] I. Bialynicki-Birula and J. Mycielski, Commun. Math. Phys. 44, 129 (1975). 

[3] D. Deutsch, Phys. Rev. Lett. 50, 631 (1983). 

[4] K. Kraus, Phys. Rev. D 35, 3070 (1987). 

[5] H. Maassen and J. B. Uffink, Phys. Rev. Lett. 60, 1103 (1988). 

[6] 1. Bialynicki-Birula, Phys. Rev. A 74, 052101 (2006). 

[7] J. M. Renes and J.-C. Boileau, Phys. Rev. Lett. 103, 020402 (2009). 

[8] M. Berta et al, Nat. Phys. 6, 659 (2010). 

[9] C.-F. Li et al, Nat. Phys. 7, 752 (2011). 

[10] R. Prevedel et al, Nat. Phys. 7, 757 (2011). 

[11] Mario Berta, Matthias Christandl, Roger Colbeck, Joseph M. Renes, Renato Renner, Nature 
Physics 6, 659-662 (2010). 

[12] M. Tomamichel and R. Renner, Phys. Rev. Lett. 106, 110506 (2011). 

[13] P. J. Coles, R. Colbeck, L. Yu, and M. Zwolak, Phys. Rev. Lett. 108, 210405 (2012). 

[14] M. Tomamichel, C. C. W. Lim, N. Gisin and R. Renner, Nat. Commun. 3, 634 (2012). 

[15] M. L. Hu and H. Fan, Phys. Rev. A 86, 032338 (2012); Phys. Rev. A 87, 022314 (2013). 

[16] A. K. Pati, M. M. Wilde, A. R. Usha Devi, Phys. Rev. A 86, 042105 (2012). 

[17] Z. Y. Xu, W. L. Yang and M. Feng, Phys. Rev. A 86, 012113 (2012). 

[18] B. Allen, Phys. Rev. D 32, 3136 (1985). 

[19] R. B. Mann and T. C. Ralph, Class. Quantum Grav 29 (2012) 220301. 

[20] Jun Feng, Yao-Zhong Zhang, Mark D. Gould, Heng Fan, Phys. Lett. B 726, (2013) 527-532. 

[21] A. Strominger, J. High Energy Phys. 10, (2001) 034; J. High Energy Phys. 11, (2001) 049. 

[22] B. Allen, and A. Folacci, Phys. Rev. D 35, 3771 (1987). 

[23] B. Allen, Phys. Rev. D 32, 3136 (1985). 

[24] T. S. Bunch, and P. C. W. Davies, Proc. R. Soc. A 360, 117 (1978). 

[25] T. Mishima, and A. Nakayama, Phys. Rev. D 37, 348 (1988). 

[26] W. Zhou, and H. Yu, Phys. Rev. D 82, 124067 (2010). 


16 



[27] Zh. Zhu, and H. Yu, J. High Energy Phys. 02 033 (2008); arXiv:0802.2018 [hep-thj. 

[28] F. Benatti, R. Floreanini and M. Piani, Phys. Rev. Lett 91, 070402 (2003). 

[29] Jason Doukas, Phys. Rev. A 79, 052109 (2009). 

[30] J. Doukas and B. Carson, Phys. Rev. A 81, 062320 (2010). 

[31] E. Mottola, Phys. Rev. D 31, 754 (1985). 

[32] G. W. Gibbons, and S. W. Hawking, Phys. Rev. D 15, 2738 (1977). 

[33] D. Polarski, Classical Quantum Gravity 6, 893 (1989). 

[34] D. Polarski, Phys. Rev. D 41, 442 (1990). 

[35] A. Nakayama, Phys. Rev. D 37, 354 (1988). 

[36] D. Polarski, Classical Quantum Gravity 6, 717 (1989). 

[37] D. V. Gal’tsov, M. Yu. Morozov, and A. V. Tikhonenko, Theor. Math. Phys. 77, 1137-1146 
(1988). 


17 


